Background: Clinical and anecdotal observations propose that patients with Parkinson's disease (PD) may show druginduced dyskinesia (DID) concomitantly with cardinal motor features. However, the extent of the concomitant presence of DID and cardinal features remains to be determined. Objectives: This cross-sectional study measured peak-dose choreic-type DID in a quantitative manner in patients diagnosed with PD, and determined whether symptoms such as tremor, bradykinesia, rigidity, postural instability or freezing of gait (FoG) were still detectable in these patients. Methods: 89 patients diagnosed with PD were recruited and assessed using a combination of quantitative measures using inertial measurement units to capture DID, tremor, bradykinesia, and FoG. Clinical evaluations were also used to assess rigidity and postural instability. Motor symptoms of PD were assessed 3 times during the testing period, and a series of activities of daily living were repeated twice, in between clinical tests, during which the level of DID was quantified. Peakdose was identified as the period during which patients had the highest levels of DID. Levels of tremor, rigidity, bradykinesia, postural instability, and FoG were used to determine the percentage of patients showing these motor symptoms simultaneously with DID. * Correspondence to: Christian Duval, PhD, Département des 
INTRODUCTION
Cardinal motor features of Parkinson's disease (PD), including bradykinesia, rigidity, tremor and postural instability [1, 2] , are managed with pharmacological therapy [3, 4] . Long-term use of those agents [3] , combined with the further progressing loss of neurons producing dopamine [5] , will eventually lead to pre-and post-synaptic plasticity [6] [7] [8] [9] creating motor complications such as drug-induced dyskinesia (DID). Treating DID usually consists in reducing levodopa dosage, and/or adding new drugs [4, 10] . However, as the disease progresses, this becomes increasingly challenging due to the narrowing of levodopa therapeutic window, as illustrated in Fig. 1 [11, 12] .
Early in the disease, patients have a good response to the medication, allowing them to be in an ON state without fluctuating in the OFF state. However, previous research already suggested that anti-parkinsonian medication does not render patients 'normal', as they can still exhibit bradykinesia [13] , tremor [14] or postural instability [15] during ON periods. Later in the disease, there seems to be a closing of the therapeutic window where the ON state can be overshot for an ON state with dyskinesia. Clinical and anecdotal observations seem to suggest that advanced patients having DID can also present with cardinal features of PD [16] [17] [18] [19] . However, what is not known is the extent of that concomitant presence of DID and cardinal motor features since no studies have addressed specifically this issue. If reducing drug dosage to manage DID is to be considered as a strategy to alleviate DID, it becomes important to determine which symptoms of Fig. 1 . Pattern of motor response to levodopa during the progression of PD. Early in the disease, levodopa response is optimal, reaching the therapeutic window. As the disease progresses, this therapeutic window decreases due to changes in exogenous dopamine management by remaining neurons. After approximately seven to ten years, this therapeutic window becomes less attainable, leaving the patient in either an OFF or ON with dyskinesia condition. Inspired by Cenci [11] and Jankovic [12] .
PD may already be present in these patients since they may be exacerbated by this management strategy. Freezing of gait (FoG) was also considered in this study since it is known to be associated with higher risks of falls [20] , and it is less sensitive to exogenous dopaminergic therapy. Therefore, the aims of this study were to measure the presence of peak-dose choreic-type DID in an objective manner, and determine the proportion of tremor, bradykinesia, rigidity, postural instability, or FoG present in these patients.
METHODS

Research design
A cross-sectional design with a control group was used for the study. Data were collected in two clinical research laboratories: the Centre de Recherche de l'Institut universitaire de gériatrie de Montréal (CRIUGM), and the Institut de Réadaptation en Déficience Physique de Quebec (IRDPQ), from June 2016 until November 2016.
Standard protocol approvals, registrations, and patient consents
The study protocol was approved by each institutional research ethics review board (CER IUGM 13-14-022; MP-2016-510) and each participant read and signed an informed consent form.
Participants
Eighty-nine patients (thirty-five females) diagnosed with idiopathic PD according to the UK Parkinson's Disease Society Brain Bank clinical diagnosis criteria [21] were recruited with the help of the Quebec Parkinson Network (QPN), which is composed of clinicians specialized in movement disorders. Patients were selected if they demonstrated clinically-detectable choreic-type DID in the past months prior to testing. Patients requiring assistance to walk, or having orthopedic conditions, judged by our investigator to interfere with the required tasks, were not considered for the study. Thirtytwo healthy participants of comparable age (sixteen females, 65.7 ± 8.6 years old, MMSE mean score of 29.1 ± 1.2, GDS-15 mean score of 1.5 ± 2.0) were recruited through the Centre de Recherche de l'Institut universitaire de gériatrie de Montréal (CRIUGM), to establish a 'normal' baseline of behavior.
Standard protocol or procedures
Each visit to the laboratory was planned to coincide with their scheduled medication dose deemed to generate the highest DID amplitude. For most patients, this occurred in the afternoon. Upon arrival at the laboratory, they were instructed to take their medication, just prior to proceeding with the administrative requirements for the study participation, i.e., reading and signing the informed consent form.
For this study, we favored a quantitative approach to assess the levels of DID, tremor, bradykinesia, and FoG. To do so, participants were equipped with a motion capture suit (Animazoo IGS-180, Synertial UK Ltd) with 17 inertial measurement units, positioned on each body limb, each containing a 3-axis accelerometer, a 3-axis gyroscope, and a 3-axis magnetometer. We previously tested the accuracy of these sensors [22, 23] , developed automated quality control [24] and segmentation algorithms to assess the mobility of elderly [25] [26] [27] and patients with PD [28, 29] .
The protocol was initiated as soon as the investigators visually noticed choreic-type DID. The testing period proceeded in two distinct blocks of tasks, during which investigators asked patients for feedback about the amplitude of DID to ensure that they were at their highest level during the experiment. The first block was used for the assessment of cardinal motor features of PD: (a) Bradykinesia was assessed using a rapid alternating movement (RAM) task [30] [31] [32] , described elsewhere [13, [33] [34] [35] . In brief, averaged maximal angular velocity of each full cycle of pronation-supination during fast repetitive pronation-supination movements, performed during 10 seconds, was used as the outcome measure of bradykinesia [13, 31, 33] ; (b) Postural tremor was assessed while participants were standing, with arms stretched horizontally in front of them, for 20 seconds. Signals from gyroscopes (x, y, z) positioned on the hands were band-pass filtered between 2 and 8 Hz to remove noise from the signal, and then detrended. The power spectral density was calculated for x, y, and z directions. These components were summed to generate the total power spectral density. If the dominant frequency of this resulting spectrum was between 3.5-7.5 Hz bandwidth, peak power (defined as the power estimation around the dominant frequency with ± 0.5 Hz width) was calculated. If the dominant frequency was out of the usual PD tremor frequency band, tremor amplitude was considered irrelevant (i.e., within the physiological range), and the amplitude was set to zero; (c) Postural instability and rigidity were both assessed using the Movement Disorder Society-Unified Parkinson's Disease Rating Scale (MDS-UPDRS, items 3.12 and 3.3, respectively), since robust objective assessment of these symptoms is not yet available. This block 1 was repeated three times.
During a second block, which was repeated twice (in between blocks 1), participants performed a series of activities of daily living (ADL) composed of reading, counting money, cutting and eating a piece of apple, eating soup, taking medication (candy), and drinking water.
The second block of tasks allowed us to capture DID levels during movement, as it is known to increase during voluntary motor behavior [13, 36] . Once cued by a light situated in front of them, patients were instructed to perform an ADL at their preferred pace to reproduce true living conditions. Rest tremor was assessed just prior to movement when patients had their hands resting on the table. Kinetic tremor was assessed during the performance of these ADL using the same signal analysis approach that was used to evaluate postural tremor. In order to ensure that the tremor measured was indeed present during movement, the peak power associated with tremor had to be accompanied with significant power below 3 Hz associated with the voluntary movement.
Participants' DID, or lack of, was recorded at multiple points during the testing protocol where participants were either at rest or performing ADL. DID was quantified using all sensors, except those positioned on the arms involved in voluntary movements. Signals from gyroscopes (x, y, z) were band-pass filtered between 0.5 and 10 Hz to remove noise from the signal, and then detrended. The magnitudes of the coordinate vectors (x, y, z) were computed at each frame resulting in new time series which were then segmented into five-second windows. Power spectral densities were computed on each window and the energy spectrums were calculated. The sum of energies was then calculated and divided by the length of the window, given an average energy value per second, for each window of each task. We used the maximum energy as the outcome measure of DID amplitude.
In this block, participants also performed several walking tasks consisting of three different Timed-up and go (TUG) tasks (3 meters TUG; 3 meters TUG while carrying a glass of water; 3 meters TUG with an obstacle to step over), allowing us to assess freezing of gait (FoG) using an algorithm proposed by Moore et al. [37] . In brief, FoG results from an absence of forward locomotion and high frequency trembling of the lower limbs occurring in the 3-8 Hz bandwidth, whereas walking is characterized by a power spectrum below 3 Hz. Therefore, a ratio between the power of the freezing bandwidth and the walking bandwidth is used on linear acceleration of multiple sensors (feet, shanks, thighs, and hip) to determine when participants are in a frozen state. To be in a frozen state, this ratio should be above the threshold determined by Moore et al. [37] for at least four of the seven sensors used in this algorithm. The percent time frozen during walking was calculated for each TUG task. The mean of each TUG task's percent time frozen was used as the outcome measure for FoG.
The order of tasks within Block 1 (symptomatology assessment) remained the same but was randomized for Block 2 (ADL). The order of block presentation remained the same for all participants, i.e., Block 1 -Block 2 -Block 1-Block 2 -Block 1. To ensure that we assessed the symptomatology of patients when they presented with clear peak-dose choreic-type DID, we first identified the period during which the amplitude of DID was the highest. Then, we used outcome measures such as the levels of DID amplitude, bradykinesia, rigidity, postural instability, FoG and tremor measurements that were closest in time (i.e.,±10 minutes) from that peak. Patients were in our laboratory for approximately 2 hours and the entire recording session lasted generally 1 hour. This period allowed us to ensure that patients having DID were experiencing choreic-type DID happening usually during one period, when patients are at peak-dose [19, 38] .
Statistics
To determine the percentage of patients showing cardinal motor symptoms simultaneously with DID, we first established a 'normal' range of values from the control group. For clinically assessed symptoms, i.e., rigidity and postural instability, control values were zero, as expected. For quantifiable symptoms, i.e., DID, tremor, bradykinesia and FoG, the mean of healthy controls data plus two standard deviations was calculated and defined as thresholds. The percentage of patients having peak-dose DID could then be calculated, as well as whether patients presented other symptoms within the same period.
RESULTS
From the 89 participants with PD, two were excluded from the analysis; one presented with severe osteoarthritis, the other did not complete the experiment because of severe postural instability. From the 87 remaining patients tested, 63 presented with measurable DID that reached our threshold during the testing period, representing 72.4% of all patients tested (Fig. 2) . The characteristics of these patients are presented in Table 1 . Figure 3 illustrates that in those 63 patients having DID, 28.6% presented with bradykinesia, 12.7% with rest tremor, 38.1% with postural tremor, 15.9% with kinetic tremor, 55.6% with rigidity, 71.4% with postural instability, and 9.5% with FoG concomitantly with DID.
The results also revealed that 96.8% of patients having DID presented at least one of these motor symptoms. More precisely, 20.6% presented only one other motor symptom, 38.1% presented two other symptoms, 22.2% presented three other symptoms, 11.1% presented four other symptoms, and 4.8% presented five other symptoms concomitantly with DID. 1.0 ± 0.6 0-2.5 Arising from chair (3.9) 0.4 ± 0.7 0-3 Gait (3.10)
1.1 ± 0.9 0-3 Freezing of gait (3.11) 0.3 ± 0.7 0-4 Postural stability (3.12)
1.1 ± 0.9 0-4 Posture (3. 13) 0.7 ± 0.9 0-3 Bradykinesia (3.14)
1.2 ± 1. 
DISCUSSION
The novelty of the present study is that we quantitatively demonstrated that a significant portion of patients who presented with peak-dose choreic-type DID also showed cardinal motor features normally associated with PD; a concept only qualitatively alluded by others [16] [17] [18] [19] . These results support our previous observations that bradykinesia, for instance, can be observed with DID [13, 39] . It is important to note that a significant portion of patients tested did not present with overwhelming DID, as the great majority of them were well-managed. In fact, DID was not consistently present at rest in a good proportion of patients. It is quite possible that exposing patients to higher doses of anti-parkinsonian drugs could have enhanced DID and further reduce any underlying PD symptoms. However, we think that testing patients in their real-life condition or state highlights the symptomatology they live with every day, reinforcing the impact of this study.
The physiological basis of the concomitant presence of DID and PD symptomatology could be explained by the fact that each symptom does not respond the same way to exogenous dopamine, suggesting the implication of different neuropathophysiological circuits. For DID, it is proposed that it is the results of a combination of factors which include hypersensitivity of post-synaptic receptors [9] , loss of pre-synaptic neurons managing dopamine release [8] and altered transmitter release from neurons normally not associated with dopamine release [8, 40] . Specifically, altered sensitivity of GABAergic medium spiny neurons that express predominantly D1 receptors associated with the direct pathway may play a part in DID [9] . If true, it is possible that hyperactivity of D1-modulated pathways generates DID, while D2-modulated pathways and other systems retain their 'parkinsonian' behavior. Then, dysfunction of basal ganglia output structures [41] to the thalamus and cortex could still induce bradykinesia [42] . Here, we gave a special attention to the 28% of patients having bradykinesia concomitantly with DID, to observe that their clinical characteristics such as age and medication levels were similar to the others. For rigidity, altered connectivity in subcortical and cortical regions, as well as the long loop and spinal reflex pathways, may play an important role [43] [44] [45] . In our group of patients, the great majority of them presented with rigidity that was detected only during manual activation, in accordance with clinical observations disclosing that rigidity responds well to treatment. For tremor, it is believed that hyperactivity of inhibitory output from the globus pallidus may cause thalamic cell to oscillate, the indirect pathway in the present case, and that these oscillations could still be reinforced through the cerebellothalamo-cortical loop [46] . For postural instability and freezing of gait, the decreased cholinergic activity in the supplementary motor area, the parietal posterior cortex, the mesencephalic locomotor region, and the cerebellum may still be in cause [47] , even with treatment.
Such dichotomy in the role of the different pathways in basal ganglia disorders is also supported by empirical evidence showing that, for example, patients with Huntington's chorea demonstrated no such bradykinesia while performing the same RAM task as performed by patients in the present study [48] . In Huntington's disease, it is the early preferential loss of D2 expressing GABAergic medium spiny striatal neurons associated with the indirect pathway that is proposed to be responsible for Huntington's chorea [49] , leaving the less affected direct pathway carrying the RAM command, at least early in the disease. Irrespective of the underlying mechanisms causing the simultaneous presence of DID and motor symptoms of PD, the neurophysiological bases responsible for causing the former should be regarded as distinct from those causing the latter.
Our results are not in agreement with the 'eitheror' pattern of motor response to levodopa over the time that is currently used to explain the state of patients (OFF, ON, or ON with DID) [11, 12] . In fact, our results agree with clinical observations suggesting considerable overlap between symptoms. Accordingly, a more realistic illustration should include residual cardinal features of PD in the therapeutic window and, depending on the stage of the Fig. 4 . Proposed pattern of motor response to levodopa over the time. This pattern suggests that some residual cardinal motor features of PD (i.e., bradykinesia, rigidity, postural instability and tremors) remain present in the therapeutic window, and could even overlap with dyskinesia.
disease, overlapping with peak-dose choreic-type DID (Fig. 4) .
One important limitation of the current study is that we were not able to measure plasma levels of levodopa during the experiment to confirm the moment at which peak-dose was reached. However, this moment usually coincides with the peak-dose DID, during which we assessed the symptomatology of PD.
Clinical considerations
Our results also illustrate the harsh reality facing clinicians in trying to avoid DID while reducing the impact of cardinal features of PD. This scenario does not exist in the early stage of patients with PD because there is no need to adjust medication to avoid DID. If a drug dosage reduction is contemplated to reduce the levels of DID, a consequence could be an increase the underlying parkinsonism. If a change of medication from levodopa to dopamine agonists is contemplated, one should expect a reduction of anti-parkinsonian effect, as demonstrated by others [3, 4, 50] . In either case, patients must deal with both; the underlying PD motor symptoms and DID. Then, the tantalizing question would be; which of DID or parkinsonian motor symptoms cause the most problem for patients in their daily life activities? This question must be answered to identify the most relevant target(s) for treatment to maintain proper mobility for patients with advanced PD.
